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Abstract 
Piezoelectricity appears in the inversion asymmetric crystal that converts mechanical 
deformational force to electricity. Two-dimensional transition metal dichalcolgenide (TMDC) 
monolayers exhibit the piezoelectric effect due to the inversion asymmetry. The intrinsic 
piezoelectric coefficient (e11) of MoS2 is ~298 pC/m. For the single atomic shift of Mo of 20% 
along the armchair direction, the piezoelectric coefficient (e11) of MoS2 with 5x5 unit cells was 
enhanced up to 18%, and significantly modified the band structure. The single atomic shift in the 
MoS2 monolayer also induced new energy levels inside the forbidden bandgap. The defect-induced 
energy levels for a Mo atom shift along the armchair direction are relatively deeper than the energy 
levels for a S atom shift along the same direction. It indicates that the piezoelectricity and band 
structure of MoS2 can be engineered by a single atomic shift in the monolayer with multi unit cells 
for mechano-electrical applications. 
 
I. INTRODUCTION 
Mechanical energy is one of the most ubiquitous energy sources in the environment and can 
be converted to electrical energy. The piezoelectricity is associated with the electric polarization 
changes at the ground state due to mechanical deformation. Therefore, piezoelectricity is an 
immediate, and stand-alone power source for charging batteries and electronic devices.1 Recently, 
one- or two-dimensional materials have been considered for piezoelectric devices that harvest 
vibrational mechanical energy, because they are relatively sensitive to the environment and show 
high conversion efficiency with cost effectiveness. In addition, the atomic shift in the supercell 
enhances the piezoelectricity and may introduce defect-mediated energy levels.1-3  
The piezoelectric properties of nanowires, such as ZnO, GaN, and BN, have been studied for 
potential applications including sensors, transducers, and electronics.4-7 Power generators based 
on piezoelectric nanostructures have been introduced.8-11 The piezoelectric conversion efficiency 
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of one-dimensional (1D) ZnO nanowires (NWs) was reported from 17% to 30%.12 However, the 
directional alignment of 1D ZnO NWs is difficult to further advance applications in nano 
electromechanical systems (NEMS).13-15 In two-dimensional (2D) layered materials including 
hexagonal boron nitride (h-BN) and transition metal dichalcogenides (TMDCs), the orientation of 
the crystal layer is critical for piezo-electronic applications16-20 including muscle dynamics and 
arterial repetition regulators.21-23 A unit cell of 2D h-BN and TMDC atomic monolayers have 
inversion asymmetry along the armchair direction, but not along the zigzag direction.24 However, 
the atomic shift in a supercell of monolayers creates the inversion asymmetry that may modify the 
piezoelectricity and energy band structure. 
The piezoelectric properties of the MoS2 monolayer have been explored experimentally as 
well.25-27 An open-circuit voltage for 0.53% strain along the armchair direction in a MoS2 
monolayer was reported to be 18 mV with the piezoelectric device dimension of 10 μm in length 
and 5 μm in width.26,27 The measurement and modification of the piezoresistivity of MoS2 have 
been performed, indicating 2 orders of magnitude higher than graphene.28,29 It suggests a 
systematic study of piezoelectricity and band structure of atomic layers of multi unit cells with a 
single atomic shift along the armchair or zigzag direction in the MoS2 monolayer, as a 
representation of TMDCs, is necessary to find the enhancement of piezoelectricity and band 
structure modification. The atomic shift includes Mo or S along the armchair or zigzag direction 
with fractional percentage of the atomic lattice distance. Therefore, this analysis provides 
formidable information of piezoelectric properties and band structure modification in response to 
a single atomic shift in a MoS2 monolayer of 5x5 unit cells. The hexagonal lattice structure with 
D3h point group has the piezoelectric tensor with components of 
2
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piezoelectric coefficient of e21 and e22 may be arisen due to the atomic shift. However, this 
manuscript is focused on the polarization change along the armchair direction, not the zigzag 
direction. Therefore, this manuscript is focused on the change of piezoelectric coefficient of e11 
due to the atomic shift. 
 
II. METHODOLOGY 
The characterizations of piezoelectric coefficient and electronic band structure of defect-
mediated a MoS2 monolayer were calculated by using first principle calculations with the 
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Atomistix ToolKit (ATK) package of Virtual Nanolab with density functional theory (DFT).31 
The localized density approximation (LDA) exchange correlation with a double zeta polarized 
(DZP) basis was used with a mesh cut-off energy of 150 Ry.32 The electronic temperature was 
300 K for all calculations. The atomic positions and lattice parameters were optimized by using 
the generalized gradient approximations (GGA) with the maximum Hellmann-Feynman forces 
of 0.05 eV/Å, which is sufficient to obtain relaxed structures.33 The Pulay-mixer algorithm was 
employed as the iteration control parameter with a tolerance value of 105.34 The maximum 
number of fully self-consistent field (SCF) iteration steps was 1000.32 The periodic boundary 
condition was employed along all three directions in the hexagonal lattice.35 while the distance 
between neighboring monolayer structures was set to be 30 Å to minimize the interaction between 
them, and to accurately approximate the characteristic piezoelectricity and energy band structure 
of the monolayer. The self-consistent field calculations were performed to guarantee full 
convergence within the iteration steps.   
 
Figure 1. The schematic sketch of defect-mediated MoS2 monolayer: (a) a single S-atom shift along positive 
zigzag direction, (b) a single S-atom shift along positive armchair direction, (c) a single Mo-atom shift 
along positive armchair direction, (d) a single Mo-atom shift along positive zigzag direction. The orange 
and blue spheres denote Sulfur and Molybdenum atoms, respectively. The red dot circle highlights the 
defect position and the red arrow indicates the atomic shift direction. X and Y denote the armchair and 
zigzag directions. 
 
Figure 1 shows the schematic sketches of atomic defects in the MoS2 monolayer. The atomic 
defects include S- or Mo-shift along the armchair or zigzag direction at fractional percentages 
of the lattice constants. One unit cell of the hexagonal lattice consists of 2 Sulfur atoms and 1 
(a)
Y
X
(c) (d)
(b)
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Molybdenum atom. A supercell of 5x5 unit cells includes a defect density of 1/50 for Sulfur 
and 1/25 for Molybdenum. The intrinsic lattice parameters of a MoS2 monolayer without defect 
are 3.16 Å along the zigzag direction XL

and 5.47 Å along the armchair direction. The atomic 
shift vectors in the lattice parameter XL

and YL

 are defined along armchair and zigzag directions, 
respectively. The positive (negative) shift vector is along positive (negative) X- or Y-axis in 
Cartesian coordinate system. The unit cell along the zigzag direction YL

 has inversion symmetry, 
but the unit cell along the armchair direction XL

has inversion asymmetry.  The direct bandgap 
of MoS2 without any defects is 1.82 eV at the K point with high symmetry in the first Brillouin 
zone. The piezoelectric coefficient e11, is defined as the polarization gradient along the armchair 
direction over strain variation.21 The intrinsic piezoelectricity e11 of the MoS2 monolayer was 
estimated to be ~298 pC/m, which is very close to the experimental result of 290 pC/m.36 
However, the piezoelectric coefficient e11 of the MoS2 monolayer may be modified with atomic 
shifts in the supercell. 
 
III. RESULTS AND DISCUSSION 
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Figure 2. The evolution of piezoelectric coefficient e11 with (a) S shift vector and (b) Mo shift vector. 
 
 The strain-induced polarization is proportional to the piezoelectric coefficient e11. Figure 2 
shows the modification of the piezoelectric coefficient e11 due to (a) a single S atomic shift vector 
along the armchair and zigzag directions, and (b) a single Mo atomic shift vector along armchair 
direction and zigzag directions with negative or positive fractional percentage of the lattice 
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constant as shown in figure 1. As both S and Mo atoms were shifted along the zigzag direction, 
the piezoelectric coefficient e11 was decreased due to the electronic polarization contribution, 
however the coefficient was increased due to the ionic polarization contribution. Meanwhile, the 
piezoelectric coefficient e11 was almost monotonically decreased (increased) from negative to 
positive atomic shifts of S and Mo along the armchair direction due to electronic (ionic) 
polarization contributions. It indicates that the single atomic shift in the 5x5 unit cells of MoS2 
changes the piezoelectric coefficient e11 because the single atomic shift results in the structure 
modification of the supercell. It implies that the strain-induced polarization is susceptible to the 
electronic (ionic) charge distributions by the fractional percentage shift of Mo or S atom along the 
armchair or zigzag direction. 
The physical origin of piezoelectricity is associated with the electric polarization changes at 
the ground state due to mechanical deformation.30,37,38 The deformation in the crystal results in the 
displacement of positive and negative charge centers. The charge displacement changes the electric 
polarization. The electronic and ionic polarization changes to the piezoelectricity are resolved by 
the modern theory of polarization.37 The ionic contribution (Pi) to the piezoelectricity is described 
a simple classical electrostatic sum of point charges:  
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where jionZ  and 
jr   are the valence charge and position vector of atom j , A  is the unit cell area, 
and the sum runs over all ions in the unit cell. The electronic contribution (Pe) to the polarization 
is obtained as:37 
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where the sum runs over occupied bands, and where A  is the unit cell area, M is the number of 
occupied bands, k∥ and k⊥ are parallel to and vertical to the direction of polarization, respectively. 
G∥ is a reciprocal lattice vector in the same direction. knu ,  is the cell-periodic parts of the Bloch 
functions, rikknkn erur
 )()( ,, . The last integral is the Berry phase.  Figure 3 shows the total 
piezoelectric coefficient e11 from both electronic and ionic polarization contributions. The 
piezoelectric coefficient e11 was increased up to ~353 pC/m for the 20% atomic shift of Mo along 
the positive armchair direction, but it was significantly reduced for the atomic shift of Mo or S 
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atom along the negative armchair direction. For the negative or positive shift along the zigzag 
direction of Mo or S atom, the piezoelectric coefficient e11 was moderately increased. 
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Figure 3. Evolution of piezoelectric coefficient (e11) of MoS2 due to electronic (PE) and ionic (PI) 
polarizations for the S (a) and Mo (b) atomic shift vector along armchair direction, and S (c) and Mo (d) 
atomic shift vector along zigzag direction. 
 
       The diverse defects of atomic vacancies, antisites, adatoms, interstitials of bulk and monolayer 
MoS2 in aspects of their energy states within the forbidden band have been reported.
39,40 The single 
atomic shifts of Mo and S in the 5x5 unit cells also modified the energy bandstructure of MoS2 as 
shown in Figure 4. The calculation on atomic-resolved density of states was performed to 
distinguish the defect-induced energy levels with conduction band and valence band. The relative 
position of conduction band minimum (CBM) and valence band maximum (VBM) is modulated 
by the defects corresponding to different atomic shift length and direction. The Fermi level is close 
to the CBM for the S atomic shifts for figure 4 (a), (c), (d), and (f); and is close to the VBM for 
the Mo atomic shifts for figure 4 (g) and (j). The defect- (atomic shift-) induced energy levels 
apparently appeared inside the forbidden bandgap. Mo shift-induced energy levels are much 
deeper in the gap than S shift-induced energy levels. A S shift (0.2 XL

and -0.2 XL

) along the 
armchair direction induced the deeper defect energy levels than a S shift along the zigzag direction 
(0.2 YL

). A Mo shift along the armchair and zigzag directions also shows the defect-induced 
energy levels close to the Fermi level. In general, the larger shift of single atom Mo or S induces 
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the deeper defect energy levels.  
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Figure 4. Electronic band structure of MoS2 monolayer for a 5x5 unit cells with defect of Sulfur shift of (a) 
-0.2 XL

along armchair direction (b) -0.1 XL

along armchair direction (c) 0.1 XL

along armchair direction 
(d) 0.2 XL

along armchair direction (e) 0.2 YL

 along zigzag direction  (f) 0.1 YL

 along zigzag, and defect 
of Molybdenum shift of  (g) -0.2 XL

along armchair direction (h) -0.1 XL

along armchair direction (i) 0.1 XL

 
along armchair direction (j) 0.2 XL

 along armchair direction (k) 0.2 YL

 along zigzag direction  (m) 0.1 YL

 
along zigzag direction. The Fermi energy level is aligned to 0 eV. 
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Figure 5. Total energy of 5×5 supercell with (a) S shift vector and (b) Mo shift vector. 
 
In addition, the atomic shift modifies the crystal structural stability as shown in Figure 5. The 
total energy consists of the exchange-correlation energy, kinetic energy, electrostatic energy, and 
Mermin free energy, which are explained in detail in the Supplementary Section. The atomic shift 
of Mo or S along the zigzag direction has better structural stability than the atomic shift along the 
armchair direction. Also, the total energy for Mo or S atomic shift along the positive and negative 
zigzag direction has a balanced parabolic energy distribution. However, the total energy for the 
positive shift of the S atom and the negative shift of the Mo atom along the armchair direction is 
much higher than that of the negative shift of the S atom and the positive shift of the Mo atom 
along the armchair direction. It indicates that a single atomic shift in the MoS2 monolayer forms 
the characteristic electrostatic energy responding to the ionic charges. 
 
IV. CONCLUSION 
The piezoelectric coefficient e11 and energy band structure of MoS2 with 5x5 unit cells were 
studied as functions of fractional single atomic (Mo or S) shifts to the lattice constant along 
armchair or zigzag directions. The piezoelectric coefficient e11 is for the polarization at the ground 
state in response to the strain along the armchair direction, where the e11 in the D3h point group is 
related as   261211 2/1 eee  . The analysis found that the piezoelectric coefficient e11 was 
increased up to ~353 pC/m for the +20% atomic shift of Mo along the armchair direction, but it 
was significantly reduced for the atomic shift of Mo or S atom along the negative armchair 
direction. The single atomic shifts of Mo and S in the 5x5 unit cells also modified the energy band 
structure. The single atomic shift also induced new energy levels inside the forbidden bandgap. 
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Therefore, the pioneering analysis of the piezoelectric coefficient (e11) and energy band structure 
of 2D atomic layers provides formidable information of the piezoelectric properties and band 
structure modification in response to a single atomic shift in a MoS2 monolayer of 5x5 unit cells 
for the critical and demanding applications of mechano-electric conversion.   
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